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INTRODUCTION 
The evaluation of stress in large scale constructed facilities, such as pipelines in 
power plants, is important for assessing the condition of the structure. The 
development of viable NDE techniques for high precision evaluation of stress in steels 
has remained a long standing problem. Some success has been achieved in recent 
years in the quantitative measurement of stress along a single axis coaxial with 
applied magnetic field. This paper reports on subsequent work aimed at the evaluation 
of the stress in two dimensions. This is clearly a problem of direct relevance to the 
estimation of stress in the surface of a pipeline. 
For materials with positive differential magnetostriction (dA/dM), such as iron at 
low field strengths, permeability increases with tensile stress along the field axis, and 
decreases with compressive stress along the same axis [1]. In a material with a 
negative slope of (dA/dM), such as nickel, permeability decreases with tensile stress 
along the field axis and increases with compressive stress. The amount of change in 
the permeability depends on the stress, angle of magnetization and the value of 
materials slope (dA/dM). Iron exhibits a positive slope (dA/dM) at low applied fields 
and a negative slope at high fields. The point at which the cross over from one 
behavior to the other is called the differential Villari reversal point. This reversal in 
sign of (dA/dM)depends on the applied stress, field and angle of magnetization. The 
Villari reversal is also sometimes called the Ewing reversal. 
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Such measurements are macroscopic averages over a large number of domains 
with different orientations and therefore analysis on the basis of single domain 
magnetostriction is inappropriate [2]. In a recent paper [3] it has been shown how to 
incorporate the effects of coaxial stress and magnetic field into an effective magnetic 
field. The effective magnetic field is given by [4] 
Heff = lIJ.1-o (dA/dMh (1) 
where A is the Helmholz free energy of the system. Following the previous analysis 
this effective field can be written as 
(2) 
where a represents the self coupling of the magnetization resulting from the exchange 
interaction, and 
(3) 
is the equivalent field due to stress. If polycrystalline iron is considered to behave 
isotropically on the macroscopic scale, then under the action of a uniaxial stress (J the 
strain e( 4» as a function of angle 4> from the stress axis will be [5] 
which is the strain ellipsoid for axial symmetry, where v is Poisson's ratio. The 
equivalent field due to stress will be 
(4) 
(5) 
This means that the permeability of an isotropic ferromagnet will change as a function 
of angle from the stress axis as a direct result of the angular dependence of the stress 
equivalent field. Therefore, the stress introduces an anisotropy field, whose 
macroscopic angular dependence is given by equation [5] . It is clear that at a given 
value of (a}·JaMh the direction at which Ha is zero depends on the value of Poisson's 
ratio. 
MATERIALS AND MEASUREMENTS 
The measurements were taken using a portable hysteresis graph consisting of 
personal computer, gaussmeter, fluxmeter, bipolar power supply and a C-core 
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inspection head. This simultaneously measured the coercivity, remanence, hysteresis 
loss, and maximum differential permeability. The instrument was computer controlled 
and took measurements through an inspection head that was attached to the surface of 
the specimens. The inspection head was oriented in order to apply the magnetic field 
at various angles. The direction of the applied stress corresponded to 0°, the long axis 
of the specimen and to the direction of cold rolling of the specimen. At each of the 
angles measurements were taken under applied stresses of 0, 5000, 10000, 15000, and 
20000 psi. 
The materials tested were steels with carbon contents that varied from 0.1 -0.8 wt 
% carbon and steels that contained 2.25% Cr and 1 % Mo. Three different heat 
treatments were used to produce different microstructures in each of three specimens 
of a given chemical composition. In the first heat treatment the steels were held at 
950° C for three hours and then furnace cool to 650°C and held for 48 hours. The 
second heat treatment the steels were held at 950°C for three hours and then water 
quenched. In the last heat treatment the steels were held at 950°C for three hours, 
water quenched and then reheated to 650°C and held at temperature for 3 hours. The 
CrMo steels were samples taken from pipes that had been service aged. The tension 
samples had a cross sectional area of I" x 1/8" and the compression samples had a 
cross area of I" x 1". 
Some of the samples were prestressed before measurements were taken. By this 
we mean that the sample had been subjected to the maximum load at which the 
measurements were to be taken before the measurements were taken. This reduced or 
eliminated the chance of a change in plastic deformation occurring while the 
measurements were in progress. This "prestressing" was done to all of the samples 
except those that were also involved in deformation studies. 
Magnetic measurements were taken by attaching a magnetic sensor to the sample 
cycling the magnetic field and then calculating the coercivity, remanence, hysteresis 
loss, and maximum differential permeability at various stress levels. The stresses 
applied were 0, 5000, 10000, 15000, and 20000 psi in tension and 0, 5000, 10000, 
15000, and 20000 psi in compression. 
Angular measurements were taken by changing the orientation of the inspection 
head relative to the axis of stress. At 0°, the inspection head was aligned with the 
direction of applied stress. The stress was varied as stated above. The angle of field 
relative to the stress axis measurement was changed after all the stress levels had been 
applied and measured. For the tensile samples presented here, these angles were 0, 
18.6, 45, 71.4,and 90°. The compression samples were measured at ° , 22.5, 45, 
67.5, and 90°. 
Deformation measurements were obtained by taking angular measurements at 
different stress levels on the samples before and after plastic deformation occurred. 
A coil was not wrapped around the sample itself, but rather around the core inside the 
inspection head. Thus the flux density readings are influenced by the properties of the 
core as well as that of the sample, although the flux passing through the core and 
sample were closely related and in the absence of flux leakage would be identical. 
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RESULTS 
Figure I shows the effects of a varying angle of magnetization. Again, two 
hysteresis loops were plotted. The first loop was taken on a tensile sample that 
contained 0.6 wt. % carbon, had been quenched and tempered, and was under a stress 
of 20 ksi in tension. The measurement was taken along the axis of magnetization. 
The second reading was taken on the same sample, but the angle of magnetization 
was altered to 45° from the direction of applied stress. The curve that was taken at 
45° appears to be rotated clockwise compared with the curve taken at 00°. According 
to equation (5), for a Poisson's ratio of v=0.27 the permeability of the sample would 
be largest at 00° for a material with a positive (d}"'/dM) as a result of the stress 
contribution to H. This stress contribution would disappear at an angle of 62.5°; at 
greater angles the stress contribution would start decreasing H. The applied field H is 
plotted along the x axis in Oe. The magnetic induction B is plotted along the y axis 
and is given in thousands of Gauss. The results showed that the differential 
permeability is reduced as a tensile stress is applied. 
Figure 2 is a comparison of hysteresis loops under the same applied stress before 
and after the sample was plastically deformed. In this case, the sample contained 0.4 
wt % carbon. The material used had been heated and held at temperature for 48 Hrs . 
The 'before' measurement was taken before any load was applied to the sample. The 
'after' measurement was taken after a compressive stress of 20 ksi was applied to the 
sample. The amount of actual plastic deformation is unknown, but it was visible to 
the eye. Both measurements were taken along the axis of applied stress. The 
differential permeability decreased after the deformation occurred. This is as expected 
for a compressive stress. The deformation shows a greater effect on the curves than 
the variation of angle or the variation of stress after prestressing. 
Graphs of change in coercivity AHc were determined from the 
measurements taken on samples containing 0.2 and 0.8 wt. % carbon that had 
been quenched and tempered. This was achieved by subtracting the value of the 
coercivity at 0 ksi from the values at the other stresses. Figure (3) shows the 
compressive and tensile variations in coercivity for a the 0.2 wt. % carbon 
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Fig. 1. The effects of angle of magnetization on the hysteresis loop of a sample 
containing 0.6 wt. % carbon that had been quenched and tempered and was subjected 
to a stress of 20 ksi while the measurements occurred. 
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Fig.2. The effects of plastic deformation under a compressive stress of 20 ksi on the 
hysteresis loops of a sample containing 0.4 wt. % carbon. 
sample. The coercivity increases under compressive stress. The coercivity at 
first decreases under tensile stress and then increases at higher tensile stress 
levels. This reversing of trends is attributed to the differential Villari reversal in 
iron base alloys. 
The graph of change in coercivity for the 0.8 wt. % carbon sample ,figure (4), 
shows the angular variation of the coercivity. The coercivity falls as the tensile stress 
is applied and then reverses its trend between 5 ksi and 15 ksi and begins to rise. The 
measurements taken at 00° show the greatest initial drop and the slowest rise after 
reversing trends. The 90° and 67.5° show almost no drop and a rapid increase after 5 
ksi. 
The effects of deformation on coercivity can be seen in figures (5) and (6). Figure 
(5) shows the effects of deformation on a sample that received the first of the heat 
treatments given above. The deformation occurred under a compressive load. The 
first bar represents the value of coercivity before any load was applied, the next two 
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Fig.3. Graph of change in coercivity for a quenched and tempered sample containing 
0.2 wt. % carbon. 
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Fig. 4. Graph angular variation of coercivity for quenched and tempered sample 
containing 0.8 wt. % carbon under tensile stresses. 
are at 5 ksi and 10 ksi. Then the sample was stressed to 20 ksi and plastically 
deformed. The second values of 0, -5, and -10 ksi are after plastic deformation. The 
coercivity shows an increase after plastic deformation. 
The results shown in Figure (6) were from a sequential tensile loading and 
deformation test. A reading was taken before any load was applied. Then the sample 
was stressed to 5 ksi and a reading was taken. The load was removed and another 
reading at zero load was taken. This was repeated for 10, 15 and 20 ksi. This showed 
the reaction of coercivity as the sample was deformed. Then maximum differential 
permeability decreased when loaded to 5 ksi and decreased more after the load was 
removed. The coercivity remained stable at the zero load measurements for the 
measurements taken at higher stress levels. 
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Fig. 5. The effects of compressive plastic deformation on a 0.5 wt. % carbon steel. 
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Fig. 6. Maximum differential permeability after loading and unloading a 0.4 wt. % 
carbon steel 
The effect of carbon content and heat treatment on the coercivity is shown in 
figure (7) and (8). For figure (7) the samples were all given the same heat treatment. 
The carbon contents were 0.1,0.2,0.3,0.5, and 0.7 wt. % carbon and are indicated 
as HTR3S1, HTR3S2, HTR3S3, HTR3S5, and HTR3S7 respectively. The coercivity 
increased as carbon content increased. Figure (8) shows that for the two heat 
treatments, the held at temperature for 48 Hrs. and the quenched and tempered, the 
coercivity is greater for the quenched and tempered steels. All samples had 0.7 wt. % 
carbon. The quench and tempering for the compressive tests is indicated by 
HTR3S7C and the tensile quenched and tempered sample is HTR3S7. The quench and 
tempering was used to produce a harder steel than the steel held at temperature for 48 
Hours. This shows that the microstructure of a harder steel produces a higher 
coercivity, a result that is quite well known. 
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Fig. 7. Effects of carbon content on coercivity of steels with the same heat treatment. 
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Fig. 8. Effects of heat treatment on coercivity on steels with same carbon content. 
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